The components and functions of the insulin receptor kinase signaling pathway have been conserved in a broad range of Metazoa ranging from mammals to insects and nematodes. There is a high degree of sequence homology and functional similarity between the human insulin receptor kinase (IRK) and the drosophila (Drosophila melanogaster) form (DIRK) of this enzyme. Similarly, a high degree of homology exists between human protein tyrosine phosphatase 1B (PTP1B) (which directly regulates IRK) and its drosophila counterpart DPTP61F (DPTP). However, genetic and biochemical studies have yet to demonstrate that DPTP61F acts in the DIRK pathway. Comparative structural modeling techniques using the known structures of human IRK and PTP1B as templates have yielded structures for the drosophila enzymes. The derived structures confirm that there is a high level of structural conservation at the tertiary level. Association of the DIRK and DPTP enzymes with each other was then investigated with a view to ascertaining whether DIRK might be a substrate of the DPTP. Evaluation of the interaction surfaces, including hydrophobic patch, shape, hydrogen bonding, and electrostatic compatibility, strongly suggested that the drosophila insulin receptor is a substrate of the DPTP. The interaction surfaces of the human and drosophila enzymes are structurally similar, although changes in critical residues modify possible electrostatic and hydrogen-bonding interactions. This suggests that in the mixed systems, DPTP-IRK or PTP1B-DIRK, the kinase domain will be a comparatively poor substrate for phosphatase activity when compared with the native systems.
Introduction
The protein tyrosine phosphatases (PTPases) are a large and diverse family of over 100 enzymes that modulate the influences of protein tyrosine kinases. Since their discovery in 1988 (Tonks et al. 1988a) , PTPases have been shown to participate in numerous signal transduction pathways (Goldstein et al. 1998; Van Vactor et al. 1998) and have been implicated in many aspects of cell function, including cytoskeletal reorganization, differentiation, cell cycle regulation, and T-cell activation (Barford 1995; Goldstein et al. 1998; Van Vactor et al. 1998) . Members of the protein tyrosine phosphatase multigene family are recognized by a highly conserved catalytic domain that is characterized by an 11-residue sequence motif (I/V)HCXAGXXR(S/T)G. This sequence contains the catalytically essential cysteine and arginine residues and also three nonconserved residues, X.
PTPases can be divided into two categories: the receptorlike and the non-receptor-like PTPases. Structurally, all known receptor-like PTPases are made up of a variablelength extracellular domain followed by a transmembrane region and a C-terminal catalytic cytoplasmic region that often contains two PTPase domains. Domain 1 (D1) is proximal to the membrane and is the active phosphatase domain. The second domain (D2) is distal to the membrane. Apparently, D2 domains are inactive but they may have structural or targeting roles. The nonreceptor PTPases normally contain a single catalytic domain and their structural diversity primarily reflects a variety of binding or targeting motifs that specify the subcellular location and (or) the molecular partners of each molecule.
PTP1B is the prototypical nonreceptor PTPase (Tonks et al. 1988a (Tonks et al. , 1988b . Its best-documented physiological role is the regulation of human insulin receptor kinase (IRK) activity (Kennedy and Ramachandran 2000) . In vivo inactivation of PTP1B in the mouse leads to an increased sensitivity to insulin (Elchebly et al. 1999; Kennedy and Ramachandran 2000) . During the catalytic process, IRK (which is autophosphorylated in the presence of insulin and ATP) binds with PTP1B. The phosphate is then transferred to the phosphatase in the catalytic step and subsequent protein dissociation and phosphate loss restores the catalytic competence of the enzyme. The structural interactions between human IRK and PTP1B have been computationally modeled, providing information on how PTP1B recognizes its substrate (Glover and Tracey 1999) .
The components and functions of the IRK signaling pathway have been conserved between vertebrates and invertebrates (Chen et al. 1996; Brogiolo et al. 2001; Clancy et al. 2001; Leevers 2001) . The drosophila (Drosophila melanogaster) PTP (DPTP61F) is structurally similar to PTP1B and has been proposed to be the invertebrate ortholog of PTP1B (Walchli et al. 2000) . Basic local alignment search tool (BLAST) searches of the NCBI nonredundant protein database with DPTP61F identified chicken and human PTP1B as having the highest scoring alignments other than DPTP61F itself. Alignment of the catalytic domains of the two proteins indicated 58% amino acid identity and 75% overall similarity of the catalytic regions. In addition, both PTP1B and DPTP61F contain hydrophobic regions at their carboxy termini that target them to the endoplasmic reticulum (Frangioni et al. 1992; McLaughlin and Dixon 1993) .
In this work, a model of the three-dimensional structure of DPTP61F (DPTP), using PTP1B as a template, has been developed. Similarly, the three-dimensional structure of the IRK domain of drosophila (DIRK) has been obtained using IRK as a basis for homology modeling. The interaction of DPTP with DIRK was then studied using the reported model for the PTP1B-IRK complex as a basis. The comparative study was then extended to examine the heteroprotein complexes of human protein bound to the drosophila counterpart.
Methods

Comparative protein modeling of DPTP and DIRK
Comparative protein modeling was carried out in the fivestep sequence summarized below.
Sequence similarity search
BLAST (Altschul et al. 1990 ) was used to compare the amino acid sequence of the target proteins, DPTP and DIRK, with the amino acid sequences deposited in the protein sequence data banks. In total, 136 sequences for DPTP and 100 sequences for DIRK were obtained from the protein data bank. A number of X-ray crystallographic structures of PTPases are now available. From these, PTP1B "2hnp; 5-282 residues" (Barford et al. 1994 ) was chosen and used as a template to model the three-dimensional structure of the DPTP catalytic site. The X-ray crystallographic structure of human insulin receptor kinase 1IRK "981-1283 residues" (Hubbard et al. 1994 ) was used as a template for DIRK. Models of the active form of DPTP and DIRK were obtained in a similar manner using 1PTV "2-297 residues" (Jia et al. 1995) and 1IRK3P "981-1283 residues" (Hubbard 1997 ) as templates, respectively. Crystal structure data of template proteins were obtained from the Protein Data Bank.
Alignment of sequences
Alignments of the template and target sequences were obtained using CLUSTAL W (Thompson et al. 1994) and also by using the routines in the program MODELLER (Sali 1997) and checked by independent alignments obtained from the program BLOCKS (Henikoff et al. 1995) . Final alignments were obtained by manual editing of the alignment data. While using CLUSTAL W, the sequences of rat, mouse, and chicken PTP were also included with that of human and drosophila PTP to obtain better alignments.
Generation of molecular models
The three-dimensional structures of bound and unbound forms of DIRK and DPTP were generated using MODELLER (Sali 1997) following previously described methods (Sali 1997; Glover and Tracey 2000) . About 10-40 models were generated. The model with the lowest value of an objective function (derived from template protein spatial restraints and the CHARMM forcefield (Sali 1997; Sali and Blundell 1993) ) was taken as the final comparative protein model.
Analysis of three-dimensional structure of models
The final comparative protein models were checked for stereochemical quality using internal routines in the MODELLER (Sali 1997) , PROCHECK (Laskowski et al. 1993) , and PROSA_II (Sippl 1993) programs.
Analysis of molecular surface topography
Generation of molecular surfaces and assignment of electrostatic potentials were done using the computer program GRASP (Nicholls et al. 1991) . Solvent-accessible surface areas (ASAs) were calculated using the program GETAREA (Fraczkiewicz and Braun 1998) , which was accessed through the online service provided by the Sealy Center for Structural Biology, University of Texas Medical Branch at Galveston, Tex.
Molecular modeling studies of the interaction between DPTP and DIRK
Prior to the study of mutual interactions between DPTP and DIRK, the structures obtained from MODELLER were modified as described below to give forms that were suitable for additional computations. This was followed by docking of the two types of proteins and energy minimization of the complex. Finally, interactions within the active site pocket and surrounding region were studied through simulated molecular dynamics.
Modifications of the proteins
All modifications and manipulations on the proteins were carried out using the BUILDER module of INSIGHTII (version 95.0.5). The active form of DIRK was modified by replacing the -OH groups of Y1549, Y1553, and Y1554 with -OPO 3 -. The forcefield applied in these calculations was the CVFF forcefield employed in INSIGHTII. Glutamic acids, aspartic acids, lysines, and arginines were modeled with side chains appropriately charged for pH 7, while histidine was maintained in its neutral state .
Before docking, the energies of both DIRK and DPTP were minimized in a two-step process. During energy minimization the backbone was kept fixed while the side chains were allowed to move. In the first step, energy of the protein was minimized to 5.0 kcal/Å (1 Å = 0.1 nm) convergence using 10 000 steps of steepest descent method and followed by a further minimization to 0.1 kcal/Å convergence using 10 000 cycles of conjugate gradient. In the second step, the energy of the protein was minimized further to 0.1 kcal/Å convergence using 10 000 steps of steepest descents and was then minimized to 0.001 kcal/Å convergence using 25 000 cycles of conjugate gradients.
Docking
The interaction of DPTP with the DIRK domain was simulated by the protein-protein docking algorithm GRAMM (Katchalski-Katzir et al. 1992) . Docking was done at high, medium, and low resolution by varying the grid steps and the repulsion part (R) of the potential. For the highresolution grid search, the grid step used was 2.5 Å with R = 30. Grid steps of 4.3 Å (R = 10) and 6.8 Å (R = 6.5) were used, respectively, for medium-and low-resolution searches.
Minimization of the protein-protein complex and molecular dynamics
The backbone of the A loop of DIRK was manually superimposed on the corresponding conformation of the A loop of IRK in the IRK-PTP1B complex. This orientation was used to provide a starting point for the development of a putative DIRK-DPTP complex as well as the heterospecific PTP1B-DIRK and DPTP-IRK complexes. Following this initial step, bad atom contacts were avoided by slightly modifying the relative positions of the proteins. The initial complexes obtained in this way were then minimized. The minimizations were carried out in three main stages.
In the first stage, all of the residues in the interaction zone were collected into a subset and minimized initially to 20.0 kcal/Å convergence using 5000 steps of steepest descent and further to 0.1 kcal/Å convergence using 20 000 cycles of conjugate gradient. The subset was soaked with a 10 Å thick water layer. In the second step the energy of the whole hydrated system was minimized. This was done following protocols reported in an earlier work (Glover and Tracey 1999) . In the third and final minimization stage, 50 000 iterations of conjugate gradient minimization to a convergence limit of 0.01 kcal/Å was carried out.
The minimized system obtained in this way was subsequently used for molecular dynamics simulations (Biosym/MSI 1995) . During this simulation process, backbone atoms were restrained with a harmonic function of 500 kcal/Å. A distance restraint between the sulfur of the active site cysteine and the phosphorus atom of phosphotyrosine group was applied with a quadratic restraining function of 200 kcal·mol -1 ·Å -2 . A Verlet leapfrog integrating algorithm with a 1-fs time step was used. The system was initiated and equilibrated for 20 ps at a constant temperature a Structure references for PTP1B: Barford et al. (1994) and Jia et al. (1995) .
b Structure references for IRK: Hubbard et al. (1994) and Hubbard (1997) . Table 1 . Protein templates and amino acid residues used in the comparative protein modeling of DPTP and DIRK.
of 298 K and the data were collected during a further 100-ps molecular dynamics simulation. Table 1 compares the amino acid sequences of DPTP and DIRK with those of PTP1B and IRK. The core regions of DPTP and DIRK have sequence identities significantly greater than 40% with PTP1B and IRK, respectively (Table 1). A sequence identity of 40% is generally quite reliable for comparative protein modeling based on single reference structure (Chothia and Lesk 1986) . Table 1 also indicates the exact residues of templates and target molecules that were used in modeling of free and complexed forms.
Results
Alignment of target sequences
The sequence alignment used in comparative protein modeling of DPTP with PTP1B is shown in Fig. 1 . To generate a model of the phosphopeptide-bound form of DPTP61F, the coordinates of a phosphopeptide-bound PTP1B (1PTV; Jia et al. 1995) were used. For modeling of the unbound form of DPTP61F, coordinates of uncomplexed PTP1B were taken. DPTP contains 548 amino acid residues as compared with the 321 residues of PTP1B. This size difference is due largely to N-and C-terminal extentions that are present in DPTP but absent in PTP1B. Therefore the N-and Cterminal residues of the DPTP could not be aligned with the known PTP1B structure and were not included in the modeled regions. The target and template residues that were satisfactorily aligned are given in Table 1 . These residues were included in the final comparative models. Similarly, for the IRK domain, the N-and C-terminal residues of DIRK could not be aligned with the human IRK and were not modeled.
Secondary structural forms
The secondary structures were probed by Kabsch-Sander analysis (Kabsch and Sander 1983) . The results for DIRK and DPTP are given in Figs. 1 and 2. The structural elements of both DPTP and DIRK are closely comparable with those of their respective template structural forms (Figs. 3 and 4). The secondary structure predicted from the sequences of the proteins using RASMOL (Sayle and Milner- White 1995), PHD (Rost and Sander 1993) , PSIPRED (Jones 1999a (Jones , 1999b , and SOPM (Geourjon and Deleage 1994) are also comparable.
Stereochemistry
The stereochemical quality of generated DPTP and DIRK models was checked using the internal routines in the MODELLER program (Sali 1997) , the PROSTAT module of INSIGHTII (Biosym/MSI 1995) , and the PROCHECK program (Laskowski et al. 1993 ). The models satisfied all stereochemical restraints used to calculate them; all marginal restraints within MODELLER were within acceptable parameters (Sali 1997) . The root mean square deviations from the ideal values for bond lengths, angles, and improper dihedral angles are given in Table 2 . Errors greater than 5 SD (~6.5) were obtained for a very few bond angles, and all bond lengths had errors of less than 5 SD in the PROSTAT analysis. In the Ramachandran plots (Fig. 5) for the final models of DPTP and DIRK, 87% of the residues were in the CORE region (Table 2 ) with 97 % in the CORE and AL-LOWED regions. The GENEROUS region contained a few residues and there were no residues in the DISALLOWED region.
Three-dimensional profiles
The quality of the models was further checked using the empirical force field program PROSA_II (Sippl 1993) . This program uses a force field derived from the database of known protein structures. It recognizes misfolded patterns and reveals the incorrect part of a fold. The energetic features of amino acid pair (intramolecular) interactions are expressed as a function of the spatial separation of two atoms associated with particular amino acids. The energy scores (expressed as z scores), evaluating the residue interaction energy, are plotted in a moving window along the sequence. For a particular window size of N residues, the energy graph displays a sliding average of pairing energies for an N number of sequence structure pairs. In this method the quality of a model protein structure can be judged on the basis of its z score value as well as the comparison of its energy profile diagram ( Fig. 6) with that of the template form. These scores, obtained in both unbound and bound structural forms of DPTP and DIRK, are summarized in Table 3 .
The models of DPTP and DIRK have z scores that are a little higher than their respective template structures. Nevertheless, in neither of these proteins does the value exceed -4. Such a z score indicates that there is no significant amount of inappropriate folding in the models (Sippl 1993) . The energy profiles of DPTP and PTP1B are compared in Fig. 6a . The profile clearly reflects a similarity in folding patterns throughout the sequence. In the DIRK versus IRK diagram, the presence of an insertion loop in DIRK that contains about 20 residues is reflected in the peak in the energy profile for this region (residues 75-125 of the generalized averaged sequence as shown in Fig. 6b ). However, this is insignificant considering the gross similarity of the energy profiles observed for these two proteins.
Surface topography, ASA, and electrostatic potential
The surfaces, generated using GRASP (Nicholls et al. 1991) , were color coded according to their electrostatic potentials. This gives a visual description of the surface as defined by each exposed residue. The solvent ASA for residues was separately calculated on an individual basis and compared, wherever needed, with the topography exhibited in the exposed surface (Table 4 ). The molecular surfaces with electrostatic color codes are shown in Fig. 7 generated on molecules whose backbone orientation corresponds to that shown in Fig. 4 .
Docking and generation of the protein-protein complex
The set of protein association "hits" generated by GRAMM suggested an optimal orientation of the A loop of DIRK towards the active site of DPTP. For most cases, it was observed that Tyr1549 comes closer to the active site than the other two tyrosine groups of the A loop. Similar observations were reported for the orientation of the IRK phosphotyrosine (Y1158) bearing loop with respect to PTP1B (Glover and Tracey 1999) . This is not unexpected considering the high value of sequence identity (>95%) within the relevant regions. In fact, for IRK and DIRK, the two loop regions were found to be almost perfectly superimposable ( Fig. 3) with some minor differences in some of the side-chain positions. A comparison of the PTP1B and DPTP active site backbones presented a very similar picture. For comparison purposes the two heterospecific complexes DPTP-IRK and PTP1B-DIRK were generated in addition to the DPTP-DIRK complex.
Discussion
There is experimental evidence (Salmeen et al. 2000) supporting the association of PTP1B with IRK, and the model- ing (Glover and Tracey 1999 ) of this protein complex provided possible criteria for evaluating such an associative interaction. With such information in hand, it seemed possible that a similar protocol of modeling might reveal sources of strong interactions between DPTP and DIRK. Because there is a substantial amount of similarity between the human and drosophila phosphatases and kinases studied here, the possibility of heterospecific association of PTP1B with DIRK and of DPTP with IRK was also examined. It is possible that studies such as this will provide insight into the processes that lead to the association and dissociation of protein complexes and how tertiary structures can be maintained while primary protein sequences diverge through evolution.
Backbone and side-chain rearrangements
The template and target proteins are rich in sequence identity, and one can deduce the backbone configuration of secondary structure based on that. However, it can reasonably be expected that replacing one interacting group with another will result in structure modifications. Even for template and target, the position of an interacting group in the sequence may be slightly different and thus there will be a modified interaction with a substrate. Additionally, there may well be a replacement of one residue type with another.
This might lead to, for instance, the loss of a hydrogen bond or electrostatic pairing interaction. Keeping these possibilities in mind, in the first stage of minimization the interaction zone was minimized without applying any restraint on the backbones. This allowed the side chains to reorient. During this process the backbone of the protein did not undergo any significant changes. However, a number of residues with opposite polarity were found to move closer together. In the second stage of minimization, in the presence of water, additional reorganization occurred. Lastly, the active site zone was further minimized, keeping the backbone atoms and all atoms outside the active site fixed. Molecular dynamics simulation of the active site interactions was carried out with the backbone atoms fixed in place. The mean square deviations, obtained for the active site atoms, in all three protein complexes were low (DPTP-DIRK, 0.97 Å 2 /ps; PTP1B-DIRK, 0.88 Å 2 /ps; DPTP-IRK, 0.95 Å 2 /ps) and indicative of suitably stabilized systems.
Comparison of the bound and unbound states of the two template proteins (PTP1B and IRK) revealed that major conformational changes are needed in both protein types when the IRK A loop enters into the PTP1B pocket. For example, during turnover the catalytic WPD loop (tryptophan-, proline-, and aspartate-containing active site loop) of PTPases plays a key role in phosphate group re-lease. In the bound state, this loop is found to be significantly displaced towards the phosphotyrosine group. One can easily imagine that the event of two proteins binding is inevitably followed by relocation and redistribution of side chains and surface loops in the region surrounding the active site pocket. During formation of these protein complexes, a number of ion pairs formed between residues in modified positions. In some cases, new pairs formed with ease, while in other cases, large displacements were required in order to generate such interactions. For new ion pair formation the residues were found to move as much as 2-7 Å (see Table 7 ). The maximum displacement observed was 7.05 Å for R81 in the DPTP-DIRK complex. A similarly large displacement (7.32 Å) for E1672 was found in the nonnative PTP1B-DIRK complex.
Secondary structures
The secondary structures (Kabsch and Sander 1983) of the target proteins are very close to those of their templates (Figs. 1-4) . Both the drosophila and human PTPases are composed of eight major α-helical regions and nine major β-sheets. For all of these secondary structural elements, their directions, turns, and mutual orientations are almost indistinguishable between template and model. Similarly for the IRKs, the numbers of major α-helices (9) and β-sheets (12) and their mutual orientations were also virtually identical between template and model. A comparison of the template and target structures revealed no significant differences in the individual dimensions of the secondary elements. Two minor differences were noted: residues R43-K48 form an insertion loop at the end of α-helical residues W30-T40 in DPTP (Fig. 4) . Region R1475-P1494 is 12 residues longer in DIRK than the corresponding IRK loop region (E1096-P1103), and rather than forming a loop, it appears to form two small antiparallel β-sheets, one consisting of residues D1476-E1477 and the other residues M1479-M1480 (RASMOL (Sayle and Milner-White 1995) ).
Evaluation of the interaction zone
The surface regions of DPTP and DIRK that are buried as the DPTP-DIRK complex is generated have a high degree of shape complementarity, as is expected if DIRK is a substrate of DPTP. This complementarity is mirrored in the pairing of electrostatic centers, as can be demonstrated by displaying the potential surfaces. Figure 8 depicts the DPTP-DIRK complex. No major role of any single specific motif or complimentary interacting motifs in the pairing of these two enzymes was identified. Four α-helices and nine β-sheets are found within the intersecting zones of DPTP-DIRK. This compares with five α-helices and nine β-sheets for the PTP1B-IRK complex. This is suggestive of a very favorable interface formation (Jones and Thornton 1996; Tsai et al. 1997; Glover and Tracey 1999) . The general compatibility of the interacting surfaces was examined by computing the gap volumes that existed between the molecules (Laskowski 1995 was found to be 4248 Å 3 , which is quite close to the value of 4446 Å 3 previously reported for the PTP1B-IRK complex (Glover and Tracey 1999) . The compactness of the structure can be assessed by identifying the gap regions, and the gap volume index (GVI) provides a useful tool for estimating the degree of complementarity that arises out of geometric and electrostatic elements present on the interacting surfaces of the two proteins (Jones and Thornton 1996) . The GVI of a protein-protein complex can be expressed as the ratio of total gap volumes (cubic angstroms) to the total interface surface area (square angstroms). A value of 1.0 Å in the GVI indicates a virtually perfect match for protein-protein associates. For the DPTP-DIRK complex, a value of 1.63 Å was obtained as a GVI, which is identical to that observed for the PTP1B-IRK complex (Glover and Tracey 1999) and represents a strong and favorable association between the two proteins.
Burial of solvent ASAs of hydrophobic residues is believed to be the major driving force in protein folding. However, for protein-protein association, electrostatic interactions and hydrogen bond formation lead to substantial energy lowering in the associative process (Young et al. 1994; Xu et al. 1997) . The association of PTP1B and IRK has been judged on the basis of these three key factors (Glover and Tracey 1999 ) and a similar protocol has been followed here. In all cases, the constituents of the interfacial area are defined as those entities whose solvent ASA is reduced by at least 50% when the proteins associate.
Burial of solvent ASA of the interfacial residues
The solvent ASAs of the individual proteins in free and bound states were computed using the computer program GETAREA (Fraczkiewicz and Braun 1998) . The ASA of the associated protein complex was calculated and compared with the combined area of the two individual proteins. Those elements in the ASAs that are buried when the complex forms are listed in Table 4 . Table 4 also contains corresponding information about the two heterospecific complexes DPTP-IRK and PTP1B-DIRK. In all cases the ASA underwent a substantial overall reduction when the two proteins associated. For example, in the bound form of DPTP with DIRK the reduction of ASA is 17% for DPTP and 19% for DIRK, a total area of 5225 Å 2 . The interacting surface area for the human PTP1B-IRK complex is not very different, 19% reduction for PTP1B and 20% for IRK. Biochem. Cell. Biol. Vol. 80, 2002 
Hydropathy of the interacting surfaces
Although the total interface area is a useful index of protein-protein interaction, the composition of the interface in terms of the constituent residues and the overall hydropathy and compatibility of the surface are critical elements in any associative process. In the DPTP-DIRK complex, a total of 74 amino acid residues whose ASA reduced 50% or more on binding were identified (Table 5) . Of these residues, 34 (46%) are hydrophobic. Scrutiny of the hydrophobic surfaces of the individual protein residues revealed the presence of discrete complimentary hydrophobic patches. These patches are found in the interface of both the PTP1B-IRK (Glover and Tracey 1999) and the DPTP-DIRK protein duplexes, and this conservation is perhaps an indication of the importance of hydrophobic interactions in the association of the proteins in these systems.
Hydrogen bonds
One of the other indexes available for the evaluation of protein-protein association is the number of hydrogen bonds formed per unit area of an overlapped zone (Janin and Chothia 1990 ). In the case of the PTP1B-IRK complex, 22 hydrogen bonds were identified in the computer modeling study. In the DPTP-DIRK complex of this study, 20 hydrogen bonds have been identified. This is in satisfactory agreement with the predicted value on the basis of interacting surface area (Janin and Chothia 1990; Thornton 1995, 1996) .
Surface, charge, and their complementarities
If the active site region of DIRK is designated as the A site and the region N terminal to this as the B site, then one can describe similar complimentary sites (Fig. 8) . The easily identifiable protrusion of phosphotyrosine loop A interacts with the DPTP active site pocket. This loop carries the active phosphotyrosine group pY1549, which has a complimentary surface in the active site region composed of the two residuesY66 and F204. Another feature apparent in the A Note: The residues selected are from those either within or near the binding regions of the respective proteins. Table 4 . Percentage exposure of the solvent ASA of selected residues of the PTPs and IRKs. loop surface is the presence of the negatively charged glutamate E1550 that interacts with the positively charged residue R43, which is located near the active site. The B site interaction is dominated by the negatively charged aspartate group D1366 of DIRK that makes a favorable interaction with the appropriately located positively charged R81 in DPTP. In addition, there are interactions between the weakly exposed surface of K1431, located in a groove beside residue D1366 of DIRK, and the well-exposed D110 of DPTP. Both the human and drosophila complexes give rise to four sets of ion pairs (Table 7) . In DPTP-DIRK, two of these four sets are DPTP R43 -DIRK E1550 and DPTP R81 -DIRK D1366. The A loop glutamate E1550 of DIRK interacts with R43 of DPTP, the arginine residue that is located near the active site cleft (Fig. 7) . The DIRK aspartate group of the R81-D1366 pair occurs at an equivalent position (D987) in the IRK sequence (Fig. 4) . However, this is not the case with the arginine residues (R43 of PTP1B and R81 of DPTP) that pair with the corresponding aspartates. The sequence alignment shows that R43 of PTP1B corresponds to a leucine (L63) in DPTP. The R81 of DPTP, which takes the place of R43 in PTP1B, actually originates from an entirely different loop of the PTP backbone. Nevertheless, the guanidinium group of R81 is actually located DPTP and DIRK (center) showing the A site (right) and B site (left). In the A site, a 10-Å radius around the catalytic pY1549 is shown; DPTP residues are represented as color-coded electrostatic surface (positive charges as blue and negative charges as red), while the residues of DIRK are shown as sticks. Key residues in the B site are highlighted. similarly to the guanidinium (R43) of the PTP1B-IRK complex.
DPTP-DIRK
There are some important differences in the remaining two sets of ion pairs. In the PTP1B-IRK complex, K41 of PTP1B interacts with IRK E1043. The corresponding residues in the drosophila protein sequences are R61 (DPTP) and N1422 (DIRK). In the DPTP-DIRK model, R61 strongly interacts with a serine (S1425) of DIRK, as reflected in the hydrogen bonding between them; the N (R61) -O (S1425) bond distance is 2.97 Å. It seems from this that an electrostatic interaction in one system has been replaced by a hydrogen-bonding situation in the other. The fourth ion pair in PTP1B-IRK arises from the interactions between R47 in PTP1B and D1156 in IRK. There are corresponding residues in drosophila proteins (R65 of DPTP and D1547 of DIRK). However, in the DPTP-DIRK complex the D1547 was found to be oriented inward, being hydrogen bonded with its predecessor residue R1546. R65 also formed two hydrogen bonds to backbone carbonyl groups, one to P107 of DPTP and the other to E1432 of DIRK. Of these later two PTP1B-IRK ion pairs, only one translates into a stabilizing interaction within the interface region, and there is no direct analogy between the two different protein complexes.
In the case of DPTP-DIRK, two new ion pairs are formed, K137 (DPTP) -E1672 (DIRK) and D110 (DPTP) -K1431 (DIRK), for which there are no analogies in the PTP1B-IRK complex. In the PTP1B-IRK complex the K116 of PTP1B (analogous to K137 of DPTP) is not near either of the IRK glutamates E1280 or E1281, and this lysine does not seem to play an active role in pairing of the two surfaces. However, the neutral glutamine N90 of PTP1B, which is sequentially analogous to D110 of DPTP, forms hydrogen bonds with K1052 of IRK (sequentially analogous to K1431 of DIRK). It seems from these observations that there is a tendency to replace one ion pair with one hydrogen bond, and the second element of the electrostatic couple, whichever charge it may have, does not pair across the interfacial area.
The active site of both the PTPases is surrounded with groups that form geometrically as well as electrostatically equivalent surfaces. For example, identical groups K41, R45, R47, and D48 in PTP1B and R61, R65, R67, and D68 in DPTP have similar exposures (Table 4) . One distinguishably different feature in DPTP arises from K136 and K137. Both of these positively charged elements have surfaces that are well exposed, as is evident from the high value of their ASA (56 and 99%). There is only one charged surface element in the corresponding area of PTP1B and it is quite well buried in the surface (R112, ASA 46%). Another area of dissimilarity between the two PTPase surfaces arises from the presence of the highly exposed negatively charged surface of the aspartate residues E136 and D137 (ASA 95 and 53%, respectively) in PTP1B. This contrasts with DPTP where two positively charged lysine residues, K156 and K161, with their distinguishably protruded surfaces (ASA 59 and 71%, respectively) dominate this region of the surface. Also, in DPTP, there is a negative charge contribution from D110, with a moderate ASA value of 48%, that has no analogous residue in the surface of PTP1B.
The interaction zones of the individual IRK domains have a very high degree of similarity in their sequences and overall topology (Figs. 2, 4 , and 7; Table 4 ). Predictably enough the loops bearing the three phosphotyrosines have a similar topology in the two kinases. In DIRK the surface areas of some loop residues are moderately to highly accessible to solvent, pY1549 67% and E1550 92% (pY1158 45% and E1159 85% in IRK). Also, two negatively charged and two positively charged residues (D1547, D1552, K1517, and K1518) that have moderate exposure (Table 4) surround the catalytic phosphotyrosine group of DIRK.
The N-terminal regions of the two IRKs are similar in terms of geometric shape and charge distribution. Each has two aromatic and two acidic residues. Furthermore the regions immediately surrounding the N termini are also reasonably comparable. Each IRK has a positively charged residue residing on each side of their N termini and they occupy similar positions on the surface and have equivalent exposures.
Repulsive interactions
Binding of the substrate must necessarily be a prelude to hydrolysis of phosphate groups. Surface and active site interactions ensure that the correct orientation for the hydrolysis PTP1B-IRK  PTP1B-DIRK  DPTP-DIRK  DPTP-IRK   Ion pair interactions  R24-E1159  R24-E1550  R43-E1550  R43-E1159  R43-D987  R43-D1366  R81-D1366  R81-D987  K41-E1043  R112-E1672  K137-E1672  D110-K1052  R47-D1156 E136-R1447 D110-K1431 Total number of hydrogen bonds 22 30 20 19 Table 7 . Displacement of residues participating in ion pair interactions upon formation of protein complexes.
reaction to occur is obtained. After hydrolysis is complete the phosphatase and its substrate must dissociate from each other. Considering the very large interface area of the two bound enzymes, it is reasonable to expect that their dissociation might be aided by repulsive interactions within the interface. The regions in the interface where potential electrostatic repulsions occur may well serve such a function. The DPTP-DIRK interacting surfaces are not perfectly paired. The gaps in the intersecting region of the two proteins were identified using SURFNET (Laskowski 1995) . They arise out of two types of surface incompatibilities, geometric and electrostatic. In the gap regions, possible areas of strong electrostatic interactions were identified by viewing the charge states of the interacting surfaces with the GRASP utility (Nicholls et al. 1991) . Two areas with potentially repulsive interactions were identified. One such interaction occurs between the positively charged residues K140 and R65 of DPTP and K1517 of DIRK. A similar interaction exists between D110 (DPTP) and D1367 (DIRK). It should perhaps be noted that salt bridges might well ameliorate potential electrostatic repulsions.
PTP1B-DIRK and DPTP-IRK heterospecific complexes
Four distinct sets of ion pairs were found in the interface regions of the PTP1B-DIRK complex and three such pairs in the DPTP-IRK complex (Table 6 ). There also are significant changes in the number of hydrogen-bonding contacts within the various possible pairs. Not surprisingly the two pairs PTP1B-IRK and DPTP-DIRK have a similar number of hydrogen bonds, 22 and 20, respectively. On the other hand the putative PTP1B-DIRK complex has 30 hydrogenbonding contacts. This, coupled with the presence of four ion-pairing interactions ( Table 7 ), suggests that PTP1B might form a very tightly bound pair with DIRK, and this in turn suggests that phospho-DIRK will not be a good substrate for PTP1B. The situation is somewhat different for the DPTP-IRK couple where one less ion pair than seems to be normal is formed, and additionally, only 19 hydrogenbonding pairs have been identified. This does not appear to be compensated for by stronger hydrophobic interactions and therefore suggests that formation of a DPTP-IRK complex may not be favored compared with the two native possibilities. Therefore, human phospho-IRK will probably be a reasonable substrate for DPTP but will be comparatively slowly hydrolyzed when compared with the native forms.
The functional conservation of insulin signaling between vertebrates and invertebrates and the high level of secondary structure similarity between the IRK and PTP components of the pathway suggest that these molecules have served similar functions continuously since the last common ancestor of insects and mammals. This view is supported by the relative similarities of the modeled receptor-PTP complexes. Significant changes in the tertiary structure of either IRK or PTP would be expected to interfere with their capacity to function as a complex and would be subject to negative selection. Only small changes that permit continued complex formation would be allowed. The capacity to form heterospecific complexes, as suggested by the models presented here, may therefore reflect strong coevolutionary constraints that prevent IRK and its corresponding PTP from undergoing unilateral changes.
